Efficient gene transfer to muscle stem cells (satellite cells) has not been achieved despite broad transduction of skeletal muscle by systemically administered adeno-associated virus serotype 2/9 (AAV-9) in mice. We hypothesized that cellular migration during fetal development would make satellite cells accessible for gene transfer following in utero intravascular injection. We injected AAV-9 encoding green fluorescent protein (GFP) marker gene into the vascular space of mice ranging in ages from post-coital day 12 (E12) to postnatal day 1 (P1). Satellite cell transduction was examined using: immunohistochemistry and confocal microscopy, satellite cell migration assay, myofiber isolation and FACS analysis. GFP positive myofibers were detected in all mature skeletal muscle groups and up to 100% of the myofibers were transduced. We saw gestational variation in cardiac and skeletal muscle expression. E16 injection resulted in 27.7 ± 10.0% expression in satellite cells, which coincides with the timing of satellite cell migration, and poor satellite cell expression before and after satellite cell migration (E12 and P1). Our results demonstrate that efficient gene expression is achieved in differentiated myofibers and satellite cells after injection of AAV-9 in utero. These findings support the potential of prenatal gene transfer for muscle based treatment strategies. in more effective targeting of satellite cells than can be achieved at later developmental time points. In this study, we report efficient transgene expression in skeletal muscle satellite cells in mice by the in utero, intravascular injection of AAV-9 at E14 and E16, with reduced ability to transduce that population of cells before their migration at E12 and after their migration at P1. Our data support the concept of developmental targeting of satellite cells in addition to the well-known proclivity of AAV-9 for mature skeletal muscle.
INTRODUCTION
Potential therapeutic applications of muscle directed gene transfer include transfer of structural protein genes such as dystrophin to treat muscular dystrophy (MD) and the use of muscle as a cellular factory to deliver secreted deficient proteins into the circulation. However, successful gene transfer, at levels required for therapeutic efficiency to muscle stem cells, remains elusive. Challenges to postnatal gene transfer to muscle relate primarily to (i) inaccessibility of the large muscle mass, and satellite cells specifically, to systemically delivered vector; (ii) the low frequency of muscle stem cells (satellite cells); and (iii) when transduction is successful, the immune response to novel transgene or vector related proteins. One strategy that may address these limitations is prenatal gene transfer. In contrast to the adult, the early gestational fetus offers the advantages of (i) small size allowing delivery of relatively large doses of vector on a weight corrected basis; (ii) greater accessibility to satellite cells during migration to form the muscle compartment and a muscle compartment which contains a relatively high frequency of satellite cells; and (iii) the potential for fetal tolerance or a greatly reduced immune response to transferred novel antigens. In previous studies, we have validated these advantages by demonstrating efficient targeting of various stem cell compartments in the developing mouse by altering the timing and mode of delivery of relatively large doses of vector, as well as reduced immune response to vector and transgene associated antigens. [1] [2] [3] [4] [5] [6] Satellite cells are the main progenitor cells of adult muscle. 7 They sit adjacent to the myofiber under the basal lamina and are known to express markers such as Pax 7, α 7 integirin, CD34, and Myf 5. These cells have the ability to self-renew, repair damaged muscles and create new myofibers. 8, 9 To achieve durable gene expression in the muscle compartment for treatment of the muscular dystrophies, one must presumably achieve gene transfer to a high percentage of satellite cells. 10 In skeletal muscle, gene transfer to both developed myofibers and satellite cells has proven an elusive goal. The muscular development of the limbs in mice occurs in three waves starting on post-coital day 11 (E11). However, the migration of adult muscle stem cells, or satellite cells, occurs only in the third wave from E14 until the late prenatal period. [11] [12] [13] [14] [15] Postnatal administration of AAV-9 results in broad expression in cardiac and striated muscles [16] [17] [18] but very minimal expression in muscle satellite cells suggesting that the satellite cells in their established position within muscle are relatively inaccessible to systemically administered vector. We hypothesized that in utero administration of AAV9 by the intravascular route during the period of satellite cell migration would result in more effective targeting of satellite cells than can be achieved at later developmental time points.
In this study, we report efficient transgene expression in skeletal muscle satellite cells in mice by the in utero, intravascular injection of AAV-9 at E14 and E16, with reduced ability to transduce that population of cells before their migration at E12 and after their migration at P1. Our data support the concept of developmental targeting of satellite cells in addition to the well-known proclivity of AAV-9 for mature skeletal muscle.
ReSUlTS
All of our experiments were performed using aliquots of the same lot of vector; therefore the concentration of vector was uniform throughout the experiments. The volumes injected, the approximate weight of the pre and post-natal pups and the dose per weight are listed in Table 1 Patterns of expression in muscle following early (E12 and E14) injection compared to late (E16 and P1) injection Injections at all gestations tested resulted in broad expression in total body muscle by fluorescent stereomicroscopy. Injections at all time-points resulted in GFP expression in the upper body (the triceps, biceps, deltoids, and latissiumus dorsi muscles) (Figure 1a ), lower body muscles (the lower back muscles, flexor and extensor muscles of the lower limb) (Figure 1b) , the panniculus carnosus (PC) muscle underneath the skin (Figure 1c ), intercostal muscles (with the ribs in red) (Figure 1d ), diaphragm from above ( Figure 1e ) and muscles of the face (Figure 1f) . The gestational timing of in utero injection resulted in a different pattern of expression within muscles. In the heart, earlier injection at E12 and E14 resulted in expression in the endocardial myofibers of the right and left ventricle (Figure 1g,h) , where injections at E16 or P1 resulted in expression in nearly 100% of cardiac myofibers ( Figure  1i ,j). Skeletal muscle following early injection at E12 and E14 resulted in a checkerboard pattern of expression (Figure 1k,l) . Injection at or after E16 resulted in expression in greater than 90% of fibers of both types by counting fibers on histologic images (Figure 1m ,n). Staining for slow twitch fibers in the E12 injected mouse showed a predominance of expression in slow twitch fibers stained in red for Mab 484 (Figure 1o-q) . Injection at E14 resulted in a checkerboard pattern but both fast and slow twitch fibers were transduced. Following E14 injection, transgene expression persisted for up to 12 months (the duration of the study) (Figure 1r ).
Evidence of satellite cell transduction Satellite cell transduction was confirmed in vitro by the myofiber isolation assay and satellite cell migration assay. In the myofiber isolation, fibers were harvested from E14 injected Myf5-nLacZ Het animals. Individual myofibers were stained for β-galatosidase in red. β−-galactosidase positive, GFP positive satellite cells can be observed on the edge of a myofiber (Figure 2a-c) . Figure 2e -g demonstrates a transduced and non-transduced satellite cell on the edge of the same myofiber in a single high powered field. Satellite cell transduction was also confirmed by the satellite cell migration assay where GFP positive cells (satellite cells) can be observed migrating off of a transduced fiber in culture (Figure 2d ). The fiber in the image is GFP negative as the fiber dies and loses GFP expression during the assay. in Myf5-nLacZ Het animals (satellite cells express a nuclear localized β-galactosidase stained in red). These cells sit underneath the basal lamina (stained for β-2-Laminin in blue) at the edge of the myofiber Figure S1 ). Images were taken using a 100× objective with 1 micron optical sections, which is necessary to distinguish the cytoplasm of the satellite cell from the GFP in any transduced muscle fiber. GFP expression in satellite cells was quantified by FACS analysis of myoblast preparations of 14 day old pups following injections at E12, E14, E16, and P1. Satellite cells were defined as lin − (Figure 3a) ,
+ (Figure 3b ). 9 These cells from a Myf5-nLacZ Het animal, display engraftment and expansion following injection into irradiated Rag mouse legs following notexin injury. 9 By FACS analysis injections yielded satellite cell transduction efficiencies of: 0.2 ± 0.1% (E12), 13.1 ± 2.6% (E14), 27.7 ± 10.0% (E16), and 1.8 ± 0.5% (P1) (Figure 3d Het mouse injected with AAV 9 at E14 were injected into the tibialis anterior (TA) of irradiated adult Rag mice. After engraftment and subsequent notexin injury, the muscles were harvested and examined for GFP and β-galactosidase (using β-galactosidase antibody and X-gal). Figure 3k shows β-galactosidase positive (blue) satellite cells that engraft along the edge of a myofiber following notexin injury of muscles injected with transduced, FACS sorted lin − α 7 + integrin + CD34 + cells. However, no GFP expression was found in any muscle fibers following notexin injury in transduced satellite cell recipient mice. Table 2 describes transgene expression in other tissues following intravascular injection imaged by fluorescent stereomicroscopy. In summary brain, and liver show expression throughout the gestational injection time-points tested. GFP positive cells in the thymus and lung become evident following E16 and P1 injection but are endothelial cells. Adrenal tissue and skin show expression following E16 and P1 injection. The splenic capsule had GFP positive cells but the splenic tissue never expressed GFP. The bowel and kidney were devoid of GFP expression following all gestational injection time-points.
GFP expression in other organs

DISCUSSION
Perhaps the most compelling rationale for prenatal versus postnatal gene therapy is the developmental accessibility of stem cell populations. In previous studies, we have shown that the accessibility of different stem cell populations is dependent upon the timing (developmental stage) and mode of administration of the vector. For instance, stem cells of the eye, skin, and the central nervous system (ectoderm and neuroectoderm can be targeted by appropriately timed intra-amniotic injection, 3, 4, 6, 19 whereas stem cells of the liver, are most effectively transduced by intravascular injection at the time of liver anlage formation (E10). 20 We hypothesized that the muscle satellite cell could be similarly targeted in utero. We have previously described transduction of satellite cells in the distribution of injection after intramuscular injection of lentiviral vectors at E14. 5 However, in order to transduce the muscle compartment as a whole, systemic delivery is required. We have more recently developed and/or utilized methods for intravascular delivery of vector from E10 forward in the murine model but have seen very limited transduction of muscle with intravascular delivery of lentiviral vector (unpublished data). 20, 21 We chose AAV9 in the current study because of its known high muscle tropism and transduction efficiency with systemic administration and because of the high titers that can be generated and therefore the large number of vector particles that could be delivered by the intravascular route. 16, 18, [22] [23] [24] With specific regard to AAV 9, in mice and dogs, it appears that compared to injections in adults, neonatal injection results in greater expression and less immune inhibition of transduction. In fact, in neonatal mice and dogs, IV injection of 2 × 10 11 vp/g of AAV-9 results in broad transduction of cardiac and skeletal muscle expression without the need for immunosuppression. 22, 25, 26 The overall success of our injections speaks to both the immunogenic profile of AAV-9 and the relatively naïve immune system of the prenatal and neonatal host. While the vector is important, earlier injection appears to be most efficient.
Due to the small size of the fetus and the relatively smaller muscle mass of the fetus, our injections can therefore be achieved using smaller volumes of vector. The dose described for neonatal mice and dogs is comparable to our injections at E12 and P1 (2.46 × 10 11 and 3.59 × 10 11 vp/g respectively). Injection at E12 is limited by the size of the fetal heart; in our experience only about 1 microliter can be given. Our doses at E14 and E16 were 1.72 × 10 12 and 1.56 × 10 12 respectively, which is at least three times greater than comparable postnatal studies. These doses do not take into account the placental circulation volume and it is notable that blood flow to muscle may change over gestation and into post-natal life. It should also be noted that the E12 injections are intracardiac, the E14 and 16 injections are into the hepatic circulation through the vitelline vein and the P1 injection are venous into postnatal circulations; although we consider all of these injections to be intravascular, there may be a difference in biodistribution of the vector. The timing of injection was based on the premise that the best time to target satellite cells would be during their migration. In mice, the migration of nascent satellite cells, occurs from E14 until the early postnatal period. [11] [12] [13] [14] [15] We therefore chose time points for vector administration spanning that interval. Our data confirms that systemic injection of AAV9 during satellite cell migration at E14-E16 resulted in efficient satellite cell transgene expression; whereas, injection before and after that interval resulted in very limited satellite cell transgene expression. This is despite impressive and widespread muscle expression of the marker gene at all time-points studied.
We also noted developmentally dependent differences in the type of muscle cells expressing GFP. Other groups have shown that AAV-9 injection preferentially transduced fast twitch muscle fibers. 22 Our injections of postnatal mice injected at P1 did not appear to favor either fiber type, as >90% of fibers were transduced. In contrast, injection before satellite cell migration at E12 resulted in slow twitch muscle fiber transgene expression without expression in satellite cells. In fetal development, myoblast migrants from the developing somite give rise to slow myofibers; providing a likely explanation for our observation. 27 Our results therefore provide further indirect support for the belief that early myoblasts do not give rise to satellite cells. 13 An alternate explanation could be that the muscle fiber tropism observed is based on ontogenic differences in AAV9 receptor expression. LamR was recently identified as an AAV-9 receptor and is enriched in slow twitch muscle fibers. 25, 28 Developmental differences in LamR expression could contribute to the patterns of muscle expression observed. Differences in receptor profile may also account for the developmental differences in cardiac muscle expression that we observed. Early (E12 and E14) injection resulted in poor cardiac muscle expression while later (E16 and P1) injection results in nearly 100% transduction of cardiac myofibers. Our postnatal findings are similar to those reported by other groups using AAV-9 in mice. 22, 29 These effects are not dose related in our experiment as a much higher relative dose of AAV-9 was administered at E14 than at P1 where much higher muscle expression was observed.
Our most robust results for satellite cell transduction were following injection at E16, during satellite cell migration from the somite to their niches in muscle, [11] [12] [13] resulting in 27.7 ± 10.0% satellite cell GFP expression. For assessment and confirmation of satellite cell transduction we utilized several methodologies including FACS analysis, histology at 10 and 30 days of age, satellite cell migration assay and myofiber isolation. Despite all of these methods confirming high rates of satellite cell GFP expression, when sorted GFP positive satellite cells were injected into irradiated muscle of Rag mice that were subsequently notexin injured, no GFP positive cells were seen participating in muscle regeneration. The satellite cell transplants were technically successful, in that X-gal positive donor satellite cells could be found in secondary transplant hosts, however GFP expression was lost. Following transplantation and reexpansion, these cells undergo a dramatic expansion; single sorted satellite cells undergo 14-17 doublings resulting in 21,000-84,000 cells. It is likely that there is loss of episomal AAV DNA during such an expansion. 30 A more compelling explanation for the loss of GFP expression following secondary transplantation and notexin injury is the inflammatory response to the notexin injury itself. Inflammation has been shown in a mouse model to result in the loss of AAV mediated transgene expression 31 and results in a loss of expression in dogs and humans. 25, [32] [33] [34] Currently, satellite cells can be extracted from muscles, manipulated ex vivo and injected back into a recipient. 35 Any ex vivo manipulation of these cells may cause them to behave differently than native satellite cells. In utero injection of AAV would allow for rapid screening of the effects of gene products on satellite cells in their native location during development without ex vivo manipulation.
While our results provide "proof in principle" support for the potential efficacy of in utero gene therapy for the treatment of muscle disorders, there are many translational issues that remain. From a somite developmental perspective, E16, where we see our most robust results, corresponds to 10 weeks gestation in the human fetus. This is within the diagnostic window for prenatal diagnosis by early (7-8 weeks) chorionic villous sampling and perhaps in the future by maternal blood sampling for fetal free DNA. However, intravenous administration of vector at that gestational age would be challenging and, at the present time, limited to intra-cardiac injection or perhaps micro-fetoscopic approaches, the feasibility and safety of which would need to be demonstrated. 2, [36] [37] [38] Of equal concern are problems with scale up of this murine study to larger animals and humans, which have been well documented in many vector based strategies. However, the prenatal approach may require less scale up, due to the very small size of the human fetus at this developmental time point. Finally, AAV does not integrate at high frequency, and the likelihood of loss of episomal transgene after early gestational transduction, even in a very minimally proliferative tissue such as muscle, would be high in the context of larger, longer-lived species. Safe approaches utilizing integrating viral vectors or non-viral vectors and gene editing approaches may need to be developed to truly take advantage of the greater efficacy of prenatal delivery.
MATeRIAlS AND MeTHODS Mice
Balb/c mice (Jackson Laboratories, Bar Harbor, ME), Rag mice and Myf5-nLacZ Het mice (a kind gift from MA Rudnicki, University of Ottawa, Ottawa, Ontario, Canada) 39 used in this study were mated in our breeding colony. To achieve accurate time-dating, mice were mated at night and separated in the morning (E0). Mice were then palpated at E12 to E16 for pregnancy.
Myf5-nLacZ
Het knock in mice have the gene for nuclear localized β-galactosidase gene (nLacZ) inserted into the locus of the myogenic transcription factor Myf5 gene. The expression of Myf5 is characteristic of activated satellite cells. This construct results in nuclear expression of β-galactosidase restricted to satellite cells. Pups were genotyped postnatally by PCR.
The experimental protocols were approved by the Institutional Animal Care and Use Committee at The Children's Hospital of Philadelphia and followed guidelines set forth in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Secondary transplants were performed in irradiated Rag mice.
Preparation of AAV-9
AAV serotype-9 with a titer of 4.67 × 10 13 infectious units/ml was produced and provided by the University of Pennsylvania Vector Core. The vector contained enhanced green fluorescent protein (GFP) gene under the transcriptional control of the cytomegalovirus (CMV) promoter. A pseudotyping strategy was used to produce AAV vector packaged with AAV9 capsid proteins. Recombinant AAV genomes equipped with AAV2 inverted terminal repeats (ITRs) were packaged by transfection of 293 cells as previously described. 40 In utero and postnatal administration of AAV vectors Het mice at postcoital days 12, 14, and 16 (E12,14 and 16) were anesthetized with inhaled isoflurane. Laparotomy was performed and vector was injected through the vitelline vein as previously described. 21 E14 fetuses (190 mg) received 10 µl and E16 fetuses (450 mg) received 15 µl to account for the growth of the fetus. P1 mice (1,300 mg) were injected with 10 µl of vector through the facial vein. E12 mice (270 mg) received an intracardiac injection of 1 µl as previously described using ultrasound (Vevo 660, VisualSonics, Toronto, Ontario, Canada) guidance; 20 E12 is too early for vitelline vein injection and 1 µl is the maximal injectable amount using this route.
Confocal and stereoscopic microscopy
Histological sections and myofibers were analyzed using a confocal microscope (Zeiss LSM 510, Munich, Germany). Injected mice were euthanized and examined for reporter eGFP expression under a stereoscopic fluorescent microscope (MZ16FA; Leica, Heerburg, Switzerland). The GFP positive and negative myofibers were counted on confocal images to estimate frequency of myofiber expression.
Immunohistochemistry
Skeletal muscles and hearts were fixed in 4% Formalin in phosphate-buffered-saline (PBS) for 16 hours and cryopreserved in 20% sucrose for 24 hours. Tissues were frozen in TissueTek OCT-embedding medium (Miles, Elkhart, IN) and sectioned using a cryostat (Leica, Heerburg, Switzerland). 15 micron sections were blocked in 20% normal goat serum (NGS) in PBS with 0.3% Triton X-100 and stained with primary and secondary antibodies in 5% NGS in PBS DH Stitelman et al. Myofiber isolation and satellite cell migration assay Culture plates were incubated with growth media (High glucose DMEM, 10% horse serum, penicillin G (100 U/ml) and streptomycin (100 µg/ml)) for at least 30 minutes before adding fibers. 24-well plates and chamber slides were coated with 10% Matrigel(BD Biosciences #354230) and incubated at 37 °C.
Myf5-nLacZ
Het mice that underwent injection at E14 with AAV 2/9 cmv EGFP were euthanized 14 days post-natally. Lower limb muscles were dissected, rinsed in PBS and placed in digestion media (high glucose DMEM, penicillin G (100 U/ml) and streptomycin (100 µg/ml, 10% collagenase I (Worthington, MIE4816)). While in the digestion media, the muscles sat in a 37 °C water bath for 1 hour; they were then shaken for 30 minutes and rinsed in growth media. This procedure was repeated three times. While in warm growth media fibers were separated away from other tissue using a Pasteur pipet tip. Fibers were rinsed in growth media before placing each fiber into each well of a 24-well Matrigel coated plate for satellite cell migration assay or chamber slides for myofiber isolation. For the myofiber isolation assay, fibers were given 24 hours in culture to adhere to the chamber slides. Fibers were gently rinsed, fixed, stained and examined as above. For the satellite cell migration assay, FGF (Promega 25 µg/ml) was added to the media. After 3-5 days, satellite cells crawled off of the myofibers. Cells were imaged by confocal microscopy.
FACS analysis
After euthanasia, muscle from P10 mice was harvested for satellite cell sorting. Limb and axial muscles were removed from euthanized animals and placed in PBS on ice. Muscles were minced and mixed with 800 µl of Collagenase I: 616 µl/ml (Sigma #C0130)/Dispase II: 2.4 µ/ml (Roche # 04942078001)/CaCl 2 : 2.5 mmol/l (Sigma)/HBSS Enzyme mix solution(Gibco #14175). The digested tissue was filtered through a 70 μm nylon mesh in a sterile funnel. Cells were centrifuged, re-suspended in 2-4 ml of HBSS/FBS: 4% (Hyclone # SH3007.03)/Hepes Buffer 1 mol/l-10 mmol/l (Gibco#15630), filtered again, counted, and exposed to antibodies. Antibodies and reagents utilized for satellite cell analysis and sorting were: anti-Mouse/Human CD45R: PECY7 conjugated (Clone # RA3-6B2, EBioscience #25-0452-82); antiMouse Gr-1 (Ly-6G): PECY7 conjugated (Clone # RB6-8C5, EBioscience #25-5931-82); anti-Mouse TER-119 (Ly-76): PECY7 conjugated (Clone # TER-119, EBioscience #25-5921-82); anti-Mouse CD5 (Ly-1): PECY7 conjugated (Clone # 53-7.3, EBioscience #25-0051-81); anti-Mouse Sca-I (Ly-6A/E): PECY7 conjugated (Clone #D7, EBioscience #25-5981-81); anti-Mouse CD34: Alexa 700 conjugated (Clone # RAM34, EBioscience # 56-0341-82); anti-Mouse α 7 Integrin: Biotin Conjugated (Clone #CA5.5, Sierra Bioscience); and streptavidin 750 (Invitrogen # S21008). Nonspecific Fc receptor binding was blocked by the mAb against mouse Fc receptor 2.4G2. Conjugated mAbs with irrelevant specificities served as negative controls. Propidium iodide staining was used to exclude dead cells. Analytical flow cytometry was performed on a FACSCalibur (BD Biosciences, San Jose, CA) flow cytometer/cell sorter was performed with a FACSAria cell sorter (BD Biosciences).
Secondary transplant and notexin injury of injected muscle
Thousand sorted GFP positive satellite cells harvested from a Myf5-nLacZ Het mouse injected with AAV 9 at E14 were injected into the tibialis anterior (TA) of irradiated (18Gy total body radiation 3 days before transplantation) adult Rag mice. After 3 weeks, the transplanted TA's were injured using notexin injection as previously described. 41 Three weeks after notexin injection, muscles were harvested and examined for GFP and β-galactosidase (using β-galactosidase antibody and X-gal). 42 
